The role of the avian epididymis in post-testicular development and capacitation was examined to assess whether avian spermatozoa undergo any processes similar to those characteristic of mammalian sperm development. We found no evidence of a need for quail sperm to undergo capacitation and 90% of testicular sperm could bind to a perivitelline membrane and acrosome react. However, computer-assisted sperm analysis showed that 20% of testicular sperm from the quail were capable of movement and only about 12% of the motile sperm would have a curvilinear velocity greater than the mean for sperm from the distal epididymis. Nevertheless, epididymal transit was associated with increases in mean sperm velocity and the proportion of motile sperm. Together, these findings explain why earlier workers have achieved some fertilizations following inseminations of testicular spermatozoa and also demonstrate the need for some epididymal maturation of avian spermatozoa. Analysis of the electrophoretic profile of quail epididymal luminal proteins revealed that only one major protein (w16 kDa) is secreted by the epididymis and it was virtually the only protein secreted by the ipsilateral epididymis following unilateral orchidectomy. Mass spectrometry showed that this protein is hemoglobin; this finding was confirmed using anti-hemoglobin antibodies. It is suggested that hemoglobin may support sperm metabolism in the quail epididymis, aid in motility, and/or serve as an antioxidant.
Introduction
This report examines how the avian epididymis differs from the mammalian epididymis in determining sperm development and fertilization. Although it is well established that mammalian sperm must undergo maturation in the epididymis to gain the potential to fertilize an ovum (Bedford 1967 , Orgebin-Crist 1967 , Sonnenberg-Riethmacher et al. 1996 , and then spend time in the female tract in order to capacitate before they can actually fertilize an ovum (Austin 1951 , Chang 1951 , the need for extra-testicular sperm maturation in birds is contentious. In mammals, sperm maturation involves structural modifications, changes in the lipid and protein composition of the plasmalemma (Jones 1989 (Jones , 1998 , and development of a characteristic pattern of motility (Morton et al. 1978 , Jones & Murdoch 1996 . The maturation process requires proteins synthesized by the epididymal epithelium (Orgebin-Crist & Jahad 1978 , Dacheux et al. 2009 , 2012 and the incorporation of these proteins into the sperm plasmalemma (Rankin et al. 1992) . Capacitation involves modification of the lipid composition and permeability of the sperm plasmalemma (Davis et al. 1979 , Davis 1981 , loss of decapacitation factors (Fraser et al. 1990 , Gibbons et al. 2005 , Nixon et al. 2006 , and the initiation of complex signaling pathways (Visconti et al. 1995a (Visconti et al. , 1995b , which are routinely assessed by determining tyrosine phosphorylation of sperm proteins (Asquith et al. 2004) .
Bedford et al. (Esponda & Bedford 1985 , Morris et al. 1987 implicated epididymal secretions in post-testicular sperm maturation. However, the only studies directly testing the development of fertilizing capacity have been on the domestic fowl and Japanese quail. These studies found that subjective scores of the percentage of motile sperm increase during epididymal transit, indicating that some post-testicular sperm maturation occurs in birds (Munro 1938 , Clulow & Jones 1982 , Ahammad et al. 2011a , 2011b . Studies involving insemination into the vagina confirmed the need for some post-testicular sperm maturation (Munro 1938 , Howarth 1983 . However, the status of testicular sperm has not been satisfactorily resolved. While Howarth (1983) achieved no fertilizations following vaginal insemination of testicular sperm, Munro (1938) obtained a fertilization rate of about 4%, indicating that some testicular sperm had the capacity to ascend the female tract and fertilize eggs. Indeed, when the vagina was by-passed by intramagnal insemination, Howarth (1983) obtained fertilization rates with testicular sperm that were as high as epididymal and ejaculated sperm. As these discrepancies indicate a poor understanding of the role of the avian epididymis in the development of sperm motility, we have used a modern objective method (computer-assisted sperm analysis (CASA)) to examine the motility of sperm from the testis and epididymis of the Japanese quail.
There have been several studies on sperm capacitation in birds, but a process like capacitation in mammals has not been detected (Howarth 1970 , Howarth & Palmer 1972 . Studies in vitro indicated that fowl and turkey sperm do not require a period of capacitation in the female tract in order to fertilize an ovum (Howarth 1970 , Howarth & Palmer 1972 and that the acrosome reaction may be rapidly induced after incubation of fowl sperm in vitro in the presence of the inner perivitelline membrane of the oocyte and extracellular calcium (Horrocks et al. 2000 , Lemoine et al. 2008 . However, since Lemoine et al. (2009) found that protein kinase A was involved in stimulating the acrosome reaction and phosphorylation of the effector proteins in fowl spermatozoa (Lemoine et al. 2009 ) and this pathway is assayed to assess capacitation in mammals, we have used the same assay to assess the need for capacitation in quail sperm.
Apart from our conference report on the Japanese quail (Jones et al. 2003) , epididymal proteins and changes to the sperm membrane of birds have only been studied in the domestic fowl. Esponda & Bedford (1985) showed that a subset of epididymal proteins bind to the sperm surface and remain adherent even after prolonged incubation in the female reproductive tract (Esponda & Bedford 1985 , Morris et al. 1987 . Also, Ahammad et al. (2011b) demonstrated a correlation between epididymal passage and an increase in the capacity of fowl sperm to bind to the epithelium of the female reproductive ducts. However, there are no welldocumented studies of the occurrence of avian epididymal proteins. Consequently, we report a study of the quail epididymal proteome and identify the only protein that is dependent on the testis for its secretion into the lumen of the duct.
Materials and methods

Chemicals and reagents
Unless otherwise specified, chemical reagents were obtained from Sigma and were of molecular or research grade.
Polyclonal antibodies raised against a synthetic peptide mapping to an internal region of hemoglobin a chain (HBA) of mouse origin were purchased from Santa Cruz Biotechnology, Inc. (catalogue #sc-31332). HRP and FITCconjugated secondary antibodies were from Sigma.
Animals
All experimental procedures were conducted with the approval of the University of Newcastle's Animal Care and Ethics Committee (ACEC). Sexually mature male Japanese quail (Coturnix coturnix japonica) were obtained from a breeding colony at Redgate Farm (Seaham, NSW, Australia). Adult (O8 weeks old) Swiss mice were obtained from a breeding colony held at the University of Newcastle Central Animal House. All animals were maintained in accordance with the recommendations prescribed by the ACEC. Both quail and mice were housed under a controlled lighting regime (16 h light:8 h darkness) at 21-22 8C and supplied with food and water ad libitum. Unless otherwise stated, animals were killed by CO 2 inhalation.
Assessment of quail sperm motility
Quail sperm motility was assessed using the Hamilton Thorne CASA IVOS II system (Hamilton Thorne, Inc., Beverly, MA, USA). Spermatozoa were recovered from different regions of the male reproductive tract; diluted into Biggers, Whitten, and Whittingham media (BWW; Biggers et al. 1971) ; and placed onto 2X-CEL Sperm Analysis Chamber slides (Hamilton Thorne, Inc.). The sperm were viewed under a Zeiss Axiovert S 100 inverted microscope in dark field at 400! magnification and recorded on a JVC S-VHS HR-S5700AM 6 head video recorder, after which the motility was analyzed using CASA Software (Hamilton Thorne).
Sperm binding assay
In order to assess the functionality of quail spermatozoa isolated from different regions of the reproductive tract, they were incubated with the inner perivitelline layer of preovulated ova (PVM). For this purpose, quail hens were killed and their reproductive tract dissected. The largest primary follicle present in the ovary was removed and the granulosa layer, including granulosa cells, the inner perivitelline layer, and the basal laminar, was isolated according to the procedure of Mori & Kantou (1987) . The inner perivitelline layer was then isolated according to the method of Kuroki & Mori (1995) . Briefly, the granulosa layer was placed in distilled water to allow the granulosa cells to swell and lyse, and this suspension was then washed with a stream of water from a Pasteur pipette to remove granulosa and basal lamina cells. The inner perivitelline layer was recovered and laid onto a glass microscope slide before being incubated with spermatozoa (w50 000 cells) for 30 min at 37 8C in 5% CO 2 . The inner perivitelline layer preparation was then washed to remove nonspecifically bound and loosely adherent spermatozoa before being viewed using a Zeiss Axiovert S100 inverted phasecontrast microscope. The number of bound viable (motile) spermatozoa was assessed over a 600 mm section of the inner perivitelline layer.
Assessment of sperm acrosome reaction
A preparation of isolated PVM was homogenized in a glass homogenizer before being incubated with spermatozoa for 30 min at 37 8C. After incubation, the spermatozoa were subjected to a hypo-osmotic swelling test (Nixon et al. 2006) to determine the percentage of viable sperm in each population. The cells were pelleted by gentle centrifugation (1000 g, 5 min) before being resuspended and fixed in ice-cold methanol for 10 min. A 10 ml aliquot of this suspension was placed onto a slide, allowed to air-dry, and then incubated with FITCconjugated Arachis hypogaea lectin (PNA). After 15 min, spermatozoa were examined and viable cells (curled tails) were scored (O100 sperm per treatment) as acrosome intact (acrosomal region fluorescently labeled with PNA) or acrosome reacted (complete absence of PNA staining in the acrosomal region).
Quail orchidectomy
Animals were anesthetized with Halothane and the testes were accessed via an incision in the abdominal wall. Testes were removed after ligation between the testis and epididymis and then the abdominal incision was sutured. The animals were killed 2 weeks after orchidectomy and the epididymal proteins were recovered. In the orchidectomy experiment, epididymal proteins were extracted after flushing the vascular system with saline and shaking minced samples of the ductus epididymidis in Krebs-Ringer phosphate (pH 7.4) for 10 min.
Collection of quail epididymal luminal fluid
Micropuncture samples were collected from the seminiferous tubules, rete testis, and ductus epididymidis of quail anesthetized with 5-sec-butyl-5-ethylthiobarbituric acid (Inactin; Byk Gulden Pharmaceuticals, Konstanz, Germany), and the plasma component, designated as quail epididymal plasma (QEP), was separated from sperm by centrifugation as described by Clulow & Jones (2004) . Alternatively, epididymal luminal fluid was collected by retrograde flushing of the ductus epididymidis with modified BWW media (Biggers et al. 1971 ) containing 91.5 mM NaCl, 4.6 mM KCl, 1.7 mM CaCl 2 . 2H 2 O, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 . 7H 2 O, 25 mM NaHCO 3 , 5.6 mM D-glucose, 0.27 mM sodium pyruvate, 44 mM sodium lactate, 5 U/ml penicillin, 5 mg/ml streptomycin, 20 mM HEPES buffer, and 3 mg/ml polyvinyl alcohol. Briefly, the entire epididymal duct was dissected from the quail and the distal papilla of the ductus epididymidis was isolated from surrounding fatty tissue. Care was taken to avoid damage to the regional vasculature and the possibility of blood contamination. A cannula was inserted against the direction of flow, secured with a silk ligature, and connected to a 1 ml syringe preloaded with BWW. A section of tubule from the proximal region of the epididymis was isolated from the remainder of the organ and cut. Luminal fluid was collected into a 1.5 ml tube as it was expelled from the proximal end of the duct by retrograde perfusion with BWW. Where appropriate, samples were centrifuged immediately after collection (1000 g, 5 min) to separate QEP and spermatozoa.
Extraction of sperm proteins
Quail spermatozoa were recovered after centrifugation of epididymal luminal fluid, resuspended in BWW, and gently washed (1000 g, 5 min) to remove non-specifically bound and loosely adherent proteins from the QEP. The washed sperm pellet was resuspended in 10 mM CHAPS (Research Organics, Cleveland, OH, USA) and incubated on ice for 1 h with vortexing every 10 min. The cell lysate was centrifuged (10 000 g, 10 min) and the supernatant was recovered.
SDS-PAGE
The concentration of protein in samples was estimated colorimetrically using Coomassie Brilliant Blue R250 (Bradford 1976) or a bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA) in accordance with the manufacturer's recommendations. Equivalent amounts of protein (10 pg for Fig. 4A and 5 mg for other studies) were resolved by one-dimensional (1D) SDS-PAGE (Laemmli 1970) and the gels were either stained with Coomassie Blue (Fig. 4B ) or silver reagent, or prepared for western blotting.
Two-dimensional (2D) SDS-PAGE was employed as an additional technique for the separation of QEP in preparation for sequencing proteins of interest. For this purpose, aliquots of QEP containing w100 mg protein were precipitated as described previously (Nixon et al. 2002a) . To each sample, 1.25 ml Pharmalytes (GE Healthcare, Piscataway, NJ, USA), 1.5 ml Destreak (GE Healthcare), and trace amounts of bromophenol blue were added and the samples were used to rehydrate immobilized pH gradient (IPG) gel strips (pH 3-10, 7 cm, nonlinear IPG gels; GE Healthcare) overnight. Isoelectric focusing of the samples was achieved on an IPGphor (GE Healthcare) with the protocol of 300 V for 0.9 kVh (step and hold), a gradient up to 1000 V for 3.9 kVh, followed by an additional gradient to 8000 V for 13.5 kVh. The sample was then held at 8000 V for a total 77.7 kVh. After focusing, each IPG strip was pre-equilibrated in SDS equilibration buffer (50 mM Tris, 6 M urea, 30% w/v glycerol, 2% w/v SDS, and trace bromophenol blue) supplemented with 0.5% w/v dithiothreitol (DTT) and 4% w/v iodoacetamide for 10 min with constant shaking. The strips were then placed on top of a 10% v/v SDS-PAGE gel and proteins resolved prior to staining with silver reagent or being prepared for western blotting.
Protein identification
Proteins of interest were carefully excised from 1D and 2D SDS-PAGE gels and sequenced at the Australian Proteome Analysis Facility (APAF Ltd., Macquarie University, Sydney, NSW, Australia) using an electrospray ionization (ESI) mass spectrometry interface. In preparation for sequencing, the gel slices were destained, then reduced (25 mM DTT in 25 mM ammonium bicarbonate), and alkylated (55 mM iodoacetamide in 25 mM ammonium bicarbonate). The proteins within the gel slice then underwent a 16-h tryptic digest at 37 8C. After digestion, 0.1% v/v trifluoroacetic acid (TFA) was added and the sample was sonicated for 10 min. The resulting digested peptides were separated by nano-liquid chromatography (LC) using a CapLC system (Agilent 1100 Series, Agilent Technologies, Bö blingen, Germany). Samples were injected onto a peptide trap (Michrome Peptide Captrap Inc., Auburn, CA, USA) for pre-concentration and desalted with 0.1% v/v TFA at 10 ml/min. The peptide trap was then switched into line with the analytical column containing C18 reverse-phase silica (SGE ProteCol C18, 300A, 3 mm!150 mm!10 cm).
Peptides were eluted from the column using a linear solvent gradient, with steps, from H 2 O:CH 3 CN (95:5C0.1% v/v formic acid) to H 2 O:CH 3 CN (20:80C0.1% v/v formic acid) at 500 nl/min over a 130-min period. The LC eluent was subjected to positive ion nanoflow electrospray analysis on an Applied Biosystems QSTAR XL mass spectrometer (Life Technologies). The QSTAR was operated in an information-dependent acquisition (IDA) mode. In IDA mode, a time-of-flight mass spectrometry survey scan was acquired (m/z 380-1600, 0.5 s), with the three largest multiply charged ions (counts O70) in the survey scan sequentially subjected to MS/MS analysis. MS/MS spectra were accumulated for 2 s (m/z 100-1600).
The LC-MS/MS data were searched using Mascot (Matrix Science, London, UK). Mascot was used to search entries for species C. coturnix japonica in the SwissProt protein database with the following search parameters: maximum of one missed trypsin cleavage, cysteine carbamidomethylation, methionine oxidation, and a maximum 0.2 Da error tolerance in both the MS and MS/MS data. High-confidence positive identifications were based on a minimum of two matching peptides and were confirmed or qualified by operator inspection of the spectra and search results.
Immunoblotting
QEP proteins separated on either 1D or 2D SDS-PAGE gels were transferred onto nitrocellulose membranes (Hybond C-extra; GE Healthcare) by western blotting (Towbin et al. 1979 ) at a constant current of 300 mA for 1 h. Membranes were blocked overnight at 4 8C in Tris-buffered saline (TBS) containing 5% w/v skimmed milk powder. After rinsing with TBS containing 0.01% v/v Tween 20 (TBST), membranes were incubated sequentially with primary antibody at 4 8C overnight and an appropriate HRP-conjugated secondary antibody for 1 h at room temperature. Following three washes in TBST, labeled proteins were detected using enhanced chemiluminescence reagents.
Immunohistochemical localization
Epididymides were recovered from adult male quails and mice at autopsy, dissected free of fat and overlying connective tissue, immediately fixed in 10% v/v formalin, embedded in paraffin, and cut into 5 mm sections. Following de-waxing and rehydration, antigen retrieval was performed by microwaving (500 W) the sections for 20 min in citrate buffer (10 mM trisodium citrate and 4.4 mM HCl, pH 6.0). All subsequent incubations were performed at 37 8C in a humid chamber, and all antibody dilutions and washes were conducted in PBS.
Non-specific antibody binding was blocked by incubation of sections in 10% v/v normal goat serum supplemented with 3% w/v BSA in PBS. Slides were washed and incubated sequentially in primary antibody (diluted 1:100) and an appropriate FITC-conjugated secondary antibody (diluted 1:300). After washing, the sections were counterstained with 10 mg/ml propidium iodide, a nuclear dye included to aid morphological assessment. Slides were mounted in antifade reagent (13% v/v Mowiol 4-88, 33% v/v glycerol, 66 mM Tris (pH 8.5), 2.5% v/v 1,4 diazabicyclo-[2.2.2]octane), and viewed using a confocal microscope (Carl Zeiss Laser Scanning Microscope 510, Thornwood, NY, USA). Negative controls in which the primary antibody was substituted with PBS were included in immunohistochemical localization studies.
Statistical analysis
All experiments were replicated with material collected from at least three different animals and the graphical data presented as means and S.E.M. or S.D. as indicated, the variances being calculated as the variance between animals. Statistical significance was determined by ANOVAs.
Results
Sperm motility
Approximately 20% of testicular sperm from the quail were capable of movement ( Figure 1 Examination of quail sperm motility. (A) Quail spermatozoa were isolated from the seminiferous tubules of the testes, rete testes, connecting ductules, proximal ductus epididymidis, and distal ductus epididymidis as described in the Materials and methods section. These sperm were diluted into BWW and immediately placed onto chamber slides before being viewed under a Zeiss Axiovert S 100 inverted microscope in dark field at 400! magnification. The cells were recorded and their motility analyzed for (B) percentage motile, (C) straight-line velocity, and (D) curvilinear velocity using a computerassisted sperm analysis system (Hamilton Thorne, Inc.). Data from three independent experiments are presented as meanGS.D. *P!0.05. entry into the ductus epididymidis, the potential for motility greatly increased and continued to increase to the distal end of the duct where a mean of O80% were capable of movement. Further, both the straight-line and curvilinear velocity of the spermatozoa increased (P!0.05) along the ductus epididymidis. It is noteworthy that the S.D.s for the mean velocities of testicular sperm are high, a consequence of some values being higher than for sperm from the distal epididymis. In order to gauge their potential to achieve fertilization following artificial insemination, we estimated (assuming that the values for curvilinear velocity are normally distributed) that about 12% of the motile sperm from the testis would have a curvilinear velocity greater than the mean for sperm from the distal epididymis. That is, the upper 76% fiducial limit for the distribution of testicular sperm is meanCS.D.!(standard normal deviate at P value of 2.4). This equates to 60.1C29.8!(1.175)Z95.1, which is similar to the mean for sperm from the distal epididymis (95.6).
Capacitation
We next examined whether exposure of quail spermatozoa to the epididymal lumen enables them to capacitate, undergo an acrosome reaction, and bind to an oocyte. Capacitation was assessed by determining the ability of quail spermatozoa to undergo tyrosine phosphorylation, an important hallmark of the capacitation process in mammals. In contrast to mouse and human spermatozoa that were employed as positive controls, we saw no evidence for an increase in the ability of quail spermatozoa to tyrosine phosphorylate under conditions that promote capacitation. Indeed, the use of an immunofluorescence assay revealed no tyrosine phosphorylation in populations of quail sperm recovered from any region of the male reproductive tract ( Fig. 2A) . A more sensitive immunoblot analysis revealed a modest level of tyrosine phosphorylation labeling of quail sperm proteins ranging in molecular weight from w40-100 kDa (Fig. 2B) . However, neither the profile nor the amount of tyrosine phosphorylation labeling was Figure 2 Assessment of the ability of quail sperm to undergo protein tyrosine phosphorylate in response to capacitation stimuli. The ability of quail spermatozoa to capacitate in response to incubation conditions that have been optimized to promote mammalian sperm capacitation was assessed by (A) immunocytochemical and (B) immunoblotting analysis of phosphotyrosine expression. (A) Quail sperm isolated from the testes, rete testes, proximal ductus epididymidis, and distal ductus epididymidis were incubated for 90 min in BWW media supplemented with a phosphodiesterase inhibitor (ptx) and membrane-permeable cAMP analog (dbcAMP) before being fixed in 1% paraformaldehyde, settled onto poly-L-lysine-coated slides, and permeabilized with 0.2% v/v Triton X-100. The sperm were then sequentially labeled with anti-phosphotyrosine and an appropriate FITCconjugated secondary antibody and viewed by fluorescence microscopy. Despite the failure of these conditions to produce detectable levels of tyrosine phosphorylation in quail spermatozoa from any regions of the male reproductive system, they readily promoted strong tyrosine phosphorylation in mouse (upper panel) and human spermatozoa (data not shown). (B) The ability to promote tyrosine phosphorylation in quail spermatozoa was also examined by immunoblotting. For this purpose, populations of quail spermatozoa from the distal ductus epididymidis were incubated under conditions identical to those described above, in addition to media prepared in the absence of bicarbonate (BWW-HCO 3
K
) and non-supplemented media (BWW). The cells were then lysed in SDS extraction buffer and a total of 5 mg were resolved by SDS-PAGE and prepared for immunoblotting with anti-phosphotyrosine antibodies. Membranes were then stripped and re-probed with anti-a-tubulin to ensure equivalent protein was loaded into each lane. Cell lysates prepared from human and mouse (data not shown) spermatozoa incubated under identical conditions were included as controls in this experiment. dramatically influenced by the site of sperm recovery (data not shown), or the inclusion of pharmacological agents (pentoxifylline and dibutyryl cAMP) that have been shown to drive the capacitation of mammalian spermatozoa (Fig. 2B ).
Binding to native PVM and induction of acrosomal exocytosis
A relatively high number of testicular spermatozoa possessed the ability to bind to a preparation of the native PVM and there was no significant increase related to the transit of sperm along the ductus epididymidis (Fig. 3A) . Similarly, O90% of testicular spermatozoa were capable of completing a PVM-induced acrosome reaction and again this number did not increase along the epididymis (Fig. 3B ). Figure 4A shows 1D SDS-PAGE gels of the proteins in the plasma component of micropuncture samples of luminal fluids from the seminiferous tubules, rete testis, and proximal, mid, and distal ductus epididymidis of the quail. A complex profile of more than 22 predominant protein bands, ranging in molecular weight from w10 to O100 kDa, was present. Comparison of the electrophoretic profiles revealed that the majority of proteins originate as secretions of the seminiferous tubules. A subset of the proteins was apparently reabsorbed in the ductuli efferentes and the concentration of others is altered between the rete testis and ductus epididymis. However, a predominant protein(s) of w16 kDa was detected that appeared to be secreted into the ductus epididymidis. This interpretation is consistent with the demonstration that unilateral orchidectomy, and hence removal of the luminal connection between the testis and the ductus epididymidis resulted in the disappearance of all but the 16 kDa protein from QEP (Fig. 4B) in the ipsilateral duct. Furthermore, this protein was not detected in QEP sampled from bilateral orchidectomized quails, indicating that its secretion is dependent on the testis (Fig. 4B) . Separation of QEP under non-reducing conditions produced a unique profile of proteins and importantly the 16 kDa band was not detected under these conditions (Fig. 5A) , thus raising the possibility that it is part of a larger (multimeric) protein complex cross-linked via disulfide bridges. In addition, the 16 kDa protein was not detected in lysates prepared from spermatozoa sampled from the ductus epididymidis (Fig. 5A) , suggesting that it does not form stable interactions with these cells.
Proteins in quail reproductive ducts
As a preliminary step toward identification of the 16 kDa protein, QEP was resolved by 2D SDS-PAGE. This revealed many additional proteins (Fig. 5B) and also resolved the 16 kDa protein into at least two discrete isoforms with isoelectric points of w6.5-7.5. Both of these spots, in addition to the corresponding band in the 1D SDS-PAGE gel, were excised and subjected to amino acid sequencing using a 1D nano LC-ESI MS/MS interface. Figure 3 Assessment of the ability of quail sperm to bind PVM and undergo acrosomal exocytosis. Quail spermatozoa from different regions of the reproductive tract were assessed for their ability to (A) adhere to the inner perivitelline layer (PVM) of a primary follicle and (B) undergo an acrosome reaction in response to co-incubation with PVM. (A) For the former studies, spermatozoa were co-incubated with a preparation of either native (black bar) or heat-denatured (white bar) PVM. After washing to remove non-specifically bound and loosely adherent spermatozoa, the PVM was viewed and the number of bound viable (motile) spermatozoa was assessed over a 600 mm section of the PVM. (B) Alternatively, spermatozoa were co-incubated with homogenized PVM (black bar) or media alone (control, white bar) before being subjected to a hypo-osmotic swelling test to determine the percentage of viable sperm in each population. The sperm were then fixed and permeabilized in methanol before being labeled with FITCconjugated PNA. A minimum of 100 viable spermatozoa (curled tails) were examined and scored on the basis of their acrosomal status. Both experiments were replicated with independent samples from three quails and data are presented as meanGS.E.M. *P!0.05.
Identification of the 16 kDa quail epididymal secretory protein
MS sequencing revealed the presence of hemoglobin a1 (HBAA), a2 (HBAD), and b (HBB) in the 1D SDS-PAGE gel slices and the two spots excised from 2D SDS-PAGE gels (Table 1) . These hemoglobin proteins are of the appropriate molecular weight (w15.3-16.3 kDa) and pI (w6.7-7.5) for the target proteins (Lee et al. 1976) . The identification of hemoglobin was confirmed using commercial antibodies, which were shown to label a predominant band of 16 kDa in cell lysates prepared from mouse erythrocytes (positive control; Fig. 6A ). Figure 6B and C show that the antibodies detected equivalent-sized proteins in QEP recovered from the proximal and distal regions of the ductus epididymidis and resolved by 1D and 2D SDS-PAGE respectively. The additional spots observed at higher masses (w48 kDa) in the 2D immunoblot are most likely attributed to incomplete reduction of hemoglobin protein complexes. While the identity of these putative complexes remains to be examined, it is noteworthy that a similar band can also be seen in the 1D gel of proteins extracted from mouse erythrocytes (Fig. 6A) .
Localization of hemoglobin in the quail epididymis
Having confirmed the specificity of the hemoglobin antibodies, they were used to localize the protein in sections of the quail epididymis. A consistent labeling pattern for hemoglobin was observed throughout the ductus epididymidis including a modest amount of punctate labeling in the apical region of the duct epithelium (Fig. 7) . However, the epithelial labeling decreased distally along the duct and was virtually absent in the mid and distal region of the duct. By contrast, the lumen was strongly labeled in all regions of the ductus epididymidis and appeared to increase from the proximal to distal regions. Counterstaining of cell nuclei with propidium iodide revealed that, although hemoglobin was closely opposed to sperm within the luminal environment, it did not appear to co-localize with these cells. The specificity of these findings was confirmed by the lack of staining observed in negative control treatments in which the primary antibody was omitted.
Given the novelty of these findings, and that hemoglobin had been identified in the epididymal proteome of bulls (Belleannee et al. 2011) and rabbits (Reddy et al. 2011) , we sought to extend our analysis to compare the distribution of hemoglobin in the quail epididymis with that in the epididymis of a mammal. Figure 8 shows that the distribution of hemoglobin in the mouse epididymis is very different from that observed in the quail epididymis. In mice, hemoglobin appeared to cluster in a discrete zone located within the apical region of the principal cells. This intense labeling was similar in both the caput and corpus epididymidis, but it was absent in the cauda epididymidis. Furthermore, in contrast to the quail, hemoglobin was not detected at appreciable levels within the lumen in any region of the ductus epididymidis. This result was supported by immunoblotting analyses, which also revealed that hemoglobin was not detectable in luminal fluid sampled from different regions of the mouse epididymis (results not shown). On the basis of these results, we infer that hemoglobin fulfills different roles in the quail and mouse epididymides.
Discussion
This study addressed the contribution of the epididymis to the attainment of functional maturity of Japanese quail spermatozoa. In contrast to their mammalian counterparts, where it is well established that spermatozoa undergo a number of important changes in the epididymis, we found few changes in the functional profile of quail spermatozoa within the epididymis. These results are in keeping with the fundamental differences in the anatomy and biology of the avian and mammalian reproductive systems (Jones et al. 2003) . Indeed, the ductus epididymides of the Galliformes that have been studied are relatively short by comparison with that of mammals, lined by a nonciliated epithelium, and structurally similar throughout their length (Lake 1957 , Tingari 1971 , 1972 , Aire 1979a , 1979b , 1980 , Clulow & Jones 1988 ). This lack of structural differentiation is also reflected in the profile of proteins recovered from the epididymal lumen. Apparently, they mainly originate from the seminiferous tubules and the proteome is not overtly modified in any region of the ductus epididymides except for the addition of one predominant 16 kDa protein (Fig. 4) , hemoglobin, the secretion of which is dependent on the testis. This finding is consistent with the fact that avian testicular fluid and spermatozoa are produced in large quantities (Clulow & Jones 1982 , 1988 , Aire & Ozegbe 2007 and pass through the excurrent ducts extremely rapidly (only 1-2 days in the quail and fowl) (Amir et al. 1973 , Clulow & Jones 1982 . Such rapid transit satisfies the requirements of the competitive mating system that exists in most avian species (Birkhead & Moller 1993 ) but imposes limitations on the amount of posttesticular maturation that the spermatozoa can undergo. This is further exacerbated by the inability of the avian male to store sperm prior to ejaculation, a function that has instead been transferred to the female (Holm et al. 1996 (Holm et al. , 2000 . As in other avian species, the maturational process that does occur in the quail epididymis is manifested in the ability to display progressive motility. The importance of motility is evidenced by the fact that avian spermatozoa encounter an intense selection pressure in the vaginal region of the oviduct and poorly motile cells are incapable of traversing the vagina to reach the infundibulum (Allen & Grigg 1957) . The finding in this study that a significant proportion of testicular sperm In preparation for ESI-MS/MS sequencing analysis, the proteins present in quail epididymal luminal fluid were also resolved by 2D SDS-PAGE. Arrowheads indicate the 16 kDa protein that was targeted for sequencing analysis. Note that this protein was not detected in epididymal fluid resolved under non-reducing conditions and does not appear to interact directly with quail epididymal spermatozoa. All experiments were replicated with samples from five quails and representative gels are shown. Proteins were identified by ESI-MS/MS from gel plugs excised from the 1D (band 1) and 2D SDS-PAGE (spots 1 and 2) gels in The MASCOT score reflects the combined scores of all observed mass spectra that matched to amino acid sequences within each protein (www.matrixscience.com). displays forward motility (i.e. as fast as sperm from the distal ductus epididymidis) and can bind to the PVM and acrosome react explains the earlier findings of Munro (1938) who achieved some fertilizations following vaginal insemination of testicular fowl sperm. It also explains why Howarth (1983) obtained a high rate of fertilizations following intramagnal insemination of testicular sperm. Nevertheless, the evidence in this and previous reports show that Galliformes sperm undergo some post-testicular sperm maturation, which involves an increase in the proportion of sperm that acquire sufficient motility to achieve fertilization following natural mating. However, it is uncertain whether this maturation is an intrinsic or extrinsic process: the success that Howarth (1983) achieved with intramagnal inseminations indicates that an epididymal environment is not essential for post-testicular sperm maturation at least when artificial insemination is used.
The physiological mechanisms that underpin the functional maturation of avian sperm have yet to be resolved. It has been shown that non-passerine sperm do not undergo substantive changes in their morphology during epididymal transit (Tingari 1973) . Also, due to the form of spermiation in birds , there is no cytoplasmic droplet to migrate along the middle piece as in mammalian sperm. However, work on the domestic fowl has shown that a subset of the proteins that sperm encounter during their epididymal passage bind to their surface (Esponda & Bedford 1985) and remain adherent even after prolonged incubation within the female reproductive tract (Morris et al. 1987) . While the identity of these proteins remains to be established, they appear specific to Galliform birds and antibodies to them cross-react with quail spermatozoa (Esponda & Bedford 1985 , Morris et al. 1987 . The binding of these proteins to the surface of sperm shares some analogy with the epididymal-driven modification of mammalian spermatozoa (Orgebin-Crist 1973 , Orgebin-Crist & Jahad 1978 , Nixon et al. 2002b .
These studies (Figs 2 and 3 ) support earlier work (Howarth 1970 , Olszanska et al. 2002 that concluded that avian spermatozoa do not require a period of capacitation. Indeed, we have demonstrated that the potential to undergo tyrosine phosphorylation, one of the key hallmarks of the capacitation process in mammals, is not overtly influenced by epididymal transit in the quail (Fig. 2) . Similarly, although we were able to Figure 6 Confirmation of the presence of hemoglobin in QEP. (A) The specificity of anti-hemoglobin antibodies was validated against cell lysates prepared from mouse erythrocytes (mouse RBC). These antibodies were then used to confirm the expression of hemoglobin within quail epididymal plasma (QEP) sampled from (B) the proximal and distal regions of the duct by immunoblotting of 1D or (C) 2D SDS-PAGE gels. Arrowheads indicate the predominant 16 kDa that, as anticipated, was detected in mouse erythrocytes. A similar band was also detected in QEP resolved by 1D SDS-PAGE, and, as expected, this protein was separated into two charge variants by 2D SDS-PAGE. Figure 7 Examination of the localization of hemoglobin in the quail epididymis. Formalinfixed tissue from the proximal, mid, and distal regions of the quail epididymis were sequentially labeled with anti-hemoglobin and an appropriate FITC-conjugated secondary antibody. The sections were counterstained with the nuclear dye, propidium iodide, before being mounted in antifade reagent, and viewed using a confocal microscope. Hemoglobin localized primarily to the lumen (Lu) but was also detected in the apical region of proximal epididymal epithelium (Ep). Although hemoglobin appeared in close proximity to spermatozoa (Sp) within the lumen of all epididymidis regions examined, it consistently failed to co-localize with these cells. No staining was observed in the negative control prepared in the absence of primary antibody (-Primary control). Scale barZ20 mm. detect basal levels of tyrosine phosphorylation by immunoblotting, the manipulation of the capacitation conditions did not induce any global changes in the qualitative profile or relative amount of phosphotyrosine detected. While we acknowledge that these studies were limited to conditions that have been optimized for mammalian spermatozoa (Nixon et al. 2006) , and do not preclude the possibility of serine or threonine phosphorylation, they nevertheless suggest that quail spermatozoa cannot be 'driven' to exhibit correlates of capacitation under conditions that mimic those of mammalian spermatozoa. Instead, it appears likely that any epididymal components acquired by fowl spermatozoa may influence other functions such as sperm transport, storage, and/or survival in the female. In contrast to the work of Bedford et al. (Esponda & Bedford 1985 , Morris et al. 1987 , we were only able to detect a single major secretory product in the quail epididymis and this protein was identified as hemoglobin. Our studies demonstrated that hemoglobin is secreted in the proximal ductus epididymidis (Fig. 4) and concentrated in the lumen of the duct, where it is in close apposition with spermatozoa (Fig. 7) . This report of hemoglobin within the epididymis adds to a growing list of tissues, beyond those of the erythroid lineage, in which the protein is putatively expressed (Mansergh et al. 2008 , Nishi et al. 2008 , Richter et al. 2009 , Liu et al. 2011 . As many of these tissues lack oxygenbinding capacity, it is suggested that hemoglobin has novel physiological roles including important contributions to redox equilibrium processes (Reischl et al. 2007) . Such redox buffering activity is attributed to the presence of a number of externally positioned, reactive cysteines that are capable of undergoing reversible glutathiolation after oxidative challenge (Reischl & Dafre 1992 , Dafre & Reischl 1998 , Reischl et al. 2007 . These findings raise the possibility that hemoglobin may act as an additional line of antioxidant defense, beyond that of the classical antioxidant enzymes that have evolved to help protect spermatozoa from oxidative stress during this highly vulnerable phase of their development (Vernet et al. 2004) .
While further work is required to define the antioxidant activity of hemoglobin within the quail epididymis, an alternative function is suggested by the protein's appearance in the lumen coinciding with the acquisition of sperm motility. This raises the possibility that hemoglobin may be necessary for supporting the metabolic demands imposed by the onset of motility. In support of this interpretation, it has previously been shown that the motility of quail spermatozoa is rapidly depressed in the event of delayed release from the epididymal duct following killing (Clulow & Jones 1982) . Furthermore, it is known that Japanese quail spermatozoa are heavily reliant on oxidative phosphorylation to support their motility. Indeed, a defining characteristic of these cells is that they possess an exceptionally elongated midpiece (160-170 mm) that accounts for between 64 and 74% of the overall length of the cell (Korn et al. 2000) . This remarkable structure houses in excess of 1400 mitochondria per sperm, far exceeding the 20-30 mitochondria typically found in other Galliformes such as the turkey and chicken (Thurston & Hess 1987) . In addition, it also exceeds the description of sperm from the common quail (Coturnix coturnix) with a reported midpiece length of w110 mm and estimated number of mitochondria of 350 per sperm (Saita et al. 1980) . While the adaptive Figure 8 Examination of the localization of hemoglobin in the mouse epididymis. Formalinfixed tissue from the caput, corpus, and caudal regions of the mouse epididymis were sequentially labeled with anti-hemoglobin and an appropriate FITC-conjugated secondary antibody. The sections were counterstained with the nuclear dye, propidium iodide, before being mounted in antifade reagent, and viewed using a confocal microscope. Hemoglobin localized primarily to the apical region of caput and corpus epididymal epithelium (Ep) but could not be detected in similar cells within the cauda epididymidis. Similarly, hemoglobin was not detected within the lumen of any epididymal region examined. No staining was observed in the negative control prepared in the absence of primary antibody (-Primary control). Scale barZ20 mm.
significance of this structural variation is largely unknown, the comparatively high numbers of mitochondria found in quail spermatozoa suggest the requirement for oxidative phosphorylation to supply the demands of ATP generation (Korn et al. 2000) . In other Galliformes, it is known that sperm oxygen consumption and ATP levels both directly correlated with fertilizing capacity (Wishart 1982 , Froman & Feltmann 1998 ). This ATP is presumably directed to the support of sperm motility as the oxygen consumption among sperm from male domestic fowl with a high mobility phenotype has been estimated as being twice that of sperm from males with average mobility (Froman & Feltmann 1998) .
If the role of epididymal hemoglobin is indeed to supply oxygen to support sperm respiration and hence motility, then one may expect that there should be differential expression of hemoglobin within the epididymal environment depending on the extent to which spermatozoa utilize oxidative phosphorylation. Preliminary evidence in support of this conclusion was provided by the demonstration that, although hemoglobin was strongly labeled within the epididymal epithelium, it could not be detected at appreciable concentrations within the epididymal lumen of the mouse, a species whose sperm function effectively on glycolysis without the need for additional mitochondrial energy production (Bedford & Hoskins 1990 ). However, it should be noted that hemoglobin has also recently been identified as a secretory product of the rabbit epididymis (Reddy et al. 2011) , a species in which glycolysis is sufficient to maintain sperm motility (Storey 1975 (Storey , 2008 . Nevertheless, the authors of this study demonstrated that hemoglobin bound to the acrosome of ejaculated spermatozoa and concluded that it was likely to be acting as an antimicrobial peptide involved in the modulation of immune responses against invading pathogens (Reddy et al. 2011) . Given that no such interaction was observed between quail spermatozoa and hemoglobin in this study, it is considered likely that the protein may fulfill a different role in these species.
Taken together, our data support the notion that the process of post-testicular sperm maturation is far less complex in the avian system than that documented in mammals. However, we did note a gradient of motility that increased upon entry into the epididymal environment. Our investigation of the changes in the epididymal environment associated with the acquisition of motility revealed the presence of a single predominant protein that was identified as hemoglobin. While further work is necessary to definitively characterize the role of this protein, such results raise the intriguing possibility that hemoglobin may be secreted into the quail epididymis to support sperm metabolism, aid in motility, and/or act as an antioxidant. Given the metabolic specialization observed among vertebrate spermatozoa, it will be of considerable interest to investigate the implications of these findings in a wider variety of species. Such studies may ultimately provide information on determinants of fertilizing capacity that could inform the development of sperm storage procedures that would prevent the loss of fertilizing capacity.
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